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Preface

This volume contains the papers presented at the 14th International Symposium
on String Processing and Information Retrieval (SPIRE), held in Santiago, Chile,
on October 29-31, 2007. SPIRE 2007 was organized in tandem with the 5th Latin
American Web Congress (LA-WEB), with both conferences sharing a common
day on Web Retrieval.

The papers in this volume were selected from 77 papers submitted from 25
different countries in response to the Call for Papers. Due to the high quality
of the submissions, a total of 27 papers were accepted as full papers, yield-
ing an acceptance rate of about 35%. SPIRE 2007 also featured three talks by
invited speakers: Andrew Tomkins (Yahoo! Research, USA), Nivio Ziviani (Fed-
eral University of Minas Gerais, Brazil) and Justin Zobel (NICTA, Melbourne,
Australia).

The SPIRE annual symposium provides an opportunity for researchers to
present original contributions on areas such as string processing (dictionary al-
gorithms, text searching, pattern matching, text compression, text mining, nat-
ural language processing, and automata based string processing), information
retrieval (IR modeling, indexing, ranking and filtering, interface design, visual-
ization, cross-lingual IR systems, multimedia IR, digital libraries, collaborative
retrieval, and Web related applications), interaction of biology and computation
(DNA sequencing and applications in molecular biology, evolution and phyloge-
netics, recognition of genes and regulatory elements, and sequence driven pro-
tein structure prediction), and information retrieval languages and applications
(XML, SGML, information retrieval from semi-structured data, text mining, and
generation of structured data from text).

Special thanks are due to the members of the Program Committee and the
additional reviewers who worked very hard to ensure the timely review of all
submitted manuscripts. Thanks are due to Fabiano Cupertino Botelho, a Ph.D.
student volunteer who ran the OpenConf system during the reviewing process
and helped with the editorial work for this volume. We also thank the local
organizers for their support and organization of SPIRE, in particular Javier
Velasco, Christian Middleton, and Sara Quifnones, as well as the local tecam of
student volunteers, whose efforts ensured the smooth organization and running
of the event.

We would like to thank the sponsoring institutions, the Millennium Nucleus
Center for Web Research of the Dept. of Computer Science of the University of
Chile, the Dept. of Computer Science of the Federal University of Minas Gerais
and Yahoo! Research Latin America.

October 2007 Nivio Ziviani
Ricardo Baeza-Yates
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A Chaining Algorithm for Mapping cDNA
Sequences to Multiple Genomic Sequences

Mohamed Abouelhoda

Faculty of Engineering and Computer Science, Ulm University
D-89069 Ulm, Germany

mohamed.ibrahim@Quni-ulm.de

Abstract. Given a set of matches between a cDNA sequence and multi-
ple genomic sequences, we present a subquadratic chaining algorithm for
computing an optimal chain of colinear matches, while allowing overlaps
between the matches. Our algorithm improves upon the quadratic graph
based solution, and extends the previous algorithms which are limited to
matches between a cDNA sequence and a single genomic sequence. The
matches of the resulting chain serve as anchors for computing a multiple
alignment between the cDNA and the given sequences.

1 Introduction

A fundamental task of every genome annotation project is to locate each gene
in the genome and to determine its structure. This knowledge serves as a basis
for elucidating the gene function and studying the genome organization and
evolution. One of the most successful methods for accomplishing this task is
the mapping of cDNA sequences to the genomes they are transcribed from. A
cDNA sequence is a complementary sequence to a mRNA. Because the introns
are spliced out from a mRNA and just the exons remain, an alignment of a cDNA
to the related genomic sequence locates the corresponding gene and directly
reveals its exon-intron structure; see Figure 1 (a). The increasing number of full
cDNA sequencing projects reflects the growing popularity of this method.

For high throughput mapping of ¢cDNA sequences, standard dynamic pro-
gramming algorithms are impractical due to their quadratic running time. Hence,
heuristic algorithms have been developed; see e.g. [7,8,12] and the references
therein. Most of these tools use an anchor-based strategy composed of three
phases: (1) computation of fragments (regions in the sequences that are simi-
lar), (2) computation of an optimal chain of colinear fragments; these are the
anchors that form the basis of the alignment, (3) alignment of the regions be-
tween the anchors considering the splice site signals.

The algorithm of Shibuya and Kurochkin [12] is superior to other ones be-
cause of two novel improvements: First, the fragments are of the type (rare)
maximal exact match computed by means of the suffix tree of the genomic se-
quence in linear time and space. Second, in contrast to other algorithms, their
chaining algorithm is geometry based and allows overlaps between the fragments.

N. Ziviani and R. Baeza-Yates (Eds.): SPIRE 2007, LNCS 4726, pp. 1-13, 2007.
© Springer-Verlag Berlin Heidelberg 2007
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Fig.1. (a): A cDNA mapped to a genomic sequence. The exons are separated by long
introns in the genome. (b): Fragments (represented by parallelograms) overlap in the
cDNA sequence only. (c) The overlap is in both the cDNA and the genome.

(The overlap lengths are taken into account, i.e., penalized, in the objective func-
tion.) Their chaining algorithm takes O(m logm) time and requires O(m) space,
where m is the number of the fragments. (Algorithms permitting no overlaps
have been presented in [1,6,10,13].) Although this chaining algorithm is rela-
tively complicated due to the combination of range maximum queries and the
candidate list paradigm, it is an important improvement over the naive graph
based solution that takes O(m?) time [12].

The rationale behind permitting overlaps is twofold: First, overlapping frag-
ments were found to be very common in cDNA mapping [7,12], and they usually
occur at the exon boundaries in the cDNA; see Figure 1 (b). Second, the amount
of sequence covered by the chain will increase, which is crucial for both improv-
ing the sensitivity /specificity and for speeding-up the mapping task. Regarding
the sensitivity/specificity, some fragments may be discarded as a result of per-
mitting no overlap in the chain. This can reduce the chain coverage under the
threshold defined by the user to filter out noisy chains, and consequently results
in discarding the whole chain despite its potential significance. If one attempts to
overcome this drawback by decreasing the threshold, many insignificant chains
will not be filtered out and the specificity will decrease. Regarding the running
time, the less the chain coverage, the higher the running time of the third phase
in which an alignment on the character level is computed to finish the mapping
task.

The genomes of very closely related species or the genomes of different strains
of the same species share a very large sequence identity, and so does a cDNA
sequence to the genome it stems from. Therefore, it is natural to extend the algo-
rithm of Shibuya and Kurochkin to map a cDNA sequence to multiple genomes.
Such an extension, in addition to the theoretical interest related to it, will help
in both identifying the common genes among the genomes and determining the
syntenic regions (regions of conserved gene-order) among the genomic sequences.

This extension, however, is not straightforward. While computing fragments
from multiple genomic sequences can be easily achieved in linear time and space
(2,5,11,9], the extension of the chaining algorithm of Shibuya and Kurochkin
to chain fragments from k sequences while permitting overlaps is extremely
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complicated, if not infeasible. This is due to the difficulty of analyzing the over-
laps, according to the objective function they suggested, and due to the difficulty
of combining the range queries and candidate lists; Shibuya and Kurochkin no-
ticed also these complications [12].

In this paper we handle the combinatorial chaining problem with overlap for
mapping a cDNA sequence to multiple genomic sequences. We show in this paper
that an efficient subquadratic chaining algorithm exists, if an objective function
specific to the cDNA mapping task is used. We present this algorithm, and,
moreover, address two special cases of practical interest: (1) the usage of rare
multi-MEMs, and (2) constraining the amount of overlap. For these two cases, we
show that the algorithm complexity can be further improved. Our algorithms are
easy to implement, because they use solely range queries without any candidate
lists. They are also so efficient that millions of fragments are processed in a few
minutes.

In the following section, the definitions are stated. Section 3 introduces the
chaining problem and the graph based solution. In Section 4, we present our
geometry based algorithm. In Section 5, we focus on two special cases of the
basic algorithm. Sections 6 and 7 contain experimental results and conclusions.

2 The Fragments

2.1 Definitions

For 1 <i < k, S; denotes a string of length |S;|. In our application, S; represents
a cDNA or a genomic sequence. S;[hi..h2] is the substring of S; starting at
position h; and ending at position ha, and S;[h1] denotes the A" character of
Siy 1 < hy < hy < |S;]. A fragment is a region of similarity among the given
sequences. In this paper, we use fragments of the type (rare) mazimal multiple
exact match, denoted by (rare) multi-MEM and defined as follows.

A multiple exact match among k sequences Si,...,Sk is a (k+ 1)-tuple
(1, p1, .., o) such that Sy[p1..p1H-1] = ... = Sk[pk..pxH—1]; i.e., the I-character-
long substrings of Si,..., Sk starting at positions pi,...,pk, respectively, are

identical. A multiple exact match is left mazimal if S;[p; —1] # S;[p; —1] for any
1 <i#j <k, and right mazimal if S;[p; +1] # S;[p; +1] for any 1 <7 # j <k,
i.e., it cannot be extended to the left and to the right simultaneously in all the
sequences. A multi-MEM is a left and right maximal multiple exact match.

A multi-MEM (1, p1, .., px) is called rare, if the substring S;[p;..p;+l— 1] occurs
at most r times in each S;, 1 <7 < k. A mazimal multiple unique match (multi-
MUM) is a rare multi-MEM such that r = 1, i.e., S;[p;..pi+I— 1] occurs exactly
once in each S;.

A hyper-rectangle in a k dimensional space (R¥) can be represented by the
k-tuple ([p1..q1];- - -, [Pk--Gk]), where [p;..q;] is the interval on the coordinate axis
zi, 1 < i < k. Equivalently, this hyper-rectangle can be denoted by R(p,q),
where p = (p1,..,px) and ¢ = (q1,..,qk) are its two extreme corner points.
A fragment of the type (rare) multi-MEM (l,p1,..,px) can be represented by
a hyper-rectangle in R* with the two extreme corner points (pi,..,px) and
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(pm+1—1,..,pr+1—1). In the following, we will denote these corner points
by beg(f) = (beg(f).x1,..,beg(f).xx) and end(f) = (end(f).z1,..,end(f).zx),
respectively. Furthermore, we define f.length = [ to denote the length of the
multi-MEM corresponding to f.

Throughout this paper, the k" sequence is the cDNA sequence. For ease of
presentation, we consider the point 0 = (0,...,0) (the origin) and the terminus
t=(|S1|—1,...,|Sk|] — 1) as fragments with length zero.

2.2 Computing the Fragments

Computing (rare) multi-MEMs between k — 1 genomic sequences and a cDNA
database can be achieved in a linear time and space. One strategy is to proceed
as follows: Construct the sequence S; by appending unique characters to each
¢cDNA and concatenating all of them. Construct the sequence S by appending
unique characters to each genomic sequence and Sy and concatenating all of
them. Then build the suffix tree (or the enhanced suffix array [2]) for S. A multi-
MEM (l,p1,..,pr) is a match in S such that, p; € [1..(|S1] + 1]), p2 € [(|S1] +
2)..(1S1]+|S2| +2)], ... and px € [(|S1|+ ...+ |Sk—1]| +k).-(|S1]| +- . .+ |Sk| + &)].
Computing multi-MEMs can be achieved by a bottom-up traversal of the suffix
tree of Sk, as described in [2]. There it is also shown that the rareness constraint
can be satisfied during the traversal without extra cost (the rareness value w.r.t.
S; in [2] is the value Cp(S;)). For multi-MUMs, the algorithm in [5] requires a
single scan of the enhanced suffix array, and it is easy to implement.

A more efficient strategy for computing (rare) multi-MEMs has recently been
developed [11]. The idea is to construct the suffix tree (or the enhanced suffix
array) for the shortest genomic sequence, say S;. Then the remaining genomic
sequences Ss, ... Sk_1 are sequentially matched against the suffix tree using the
Chang-Lawler Algorithm [4]. During this matching, nodes of the suffix tree are
annotated with match information. Only the nodes satisfying the rareness con-
straint are taken into account. Then the cDNA database is queried against the
annotated suffix tree to further annotate more nodes. Finally, all (rare) multi-
MEMs are reported through a bottom-up traversal of the suffix tree. The pro-
gram ramaco is an implementation of the algorithm in [11]. The program M-
GCAT [9], although no details are given, seems to use a similar approach for
computing multi-MUMs.

3 Chaining Fragments with Overlaps

Definition 1. Let f' and f be two fragments with beg(f').x; < beg(f).z;, for
all1 < i < k. We say that f' overlaps with f in S; iff (1) end(f’).z; < end(f).x;
for all1 <i <k, and (2) end(f').x; > beg(f).x;, for any 1 <i < k.

For k = 2, Figure 1 (b) shows two fragments overlapping in S but not in Si,
while Figure 1 (c¢) shows two fragments overlapping in both S; and So.

Definition 2. The relation < on the set of fragments is defined as follows. f' <
f iff the following two conditions hold: beg(f').z; < beg(f).z; and end(f").z; <
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end(f).z;, for all 1 < i < k. If f' < f, then we say that f' precedes f. The
fragments f' and f are colinear if either f’ precedes f or f precedes f'.

Thus, two fragments are colinear if they appear in the same order in all se-
quences. Note that if we further have end(f’).z; < beg(f).x;, for all 1 < i <k,
then f’ and f are colinear and non-overlapping. A geometric representation of
this relation for k = 2 is given in Figure 2 (a), where any fragment f’ < f must
start in Region A(f) and end in region {AB(f)UC(f)}; A(f) is the rectangular
region R(0,beg(f)), AB(f) is the rectangle ([0..end(f).z1—1],[0..beg(f).x2—1]),
and C(f) is the region ([0..end(f).z1 —1], [beg(f).z2..end(f).z2—1]). For k > 2,
AB(f) and C(f) are the hyper-rectangles ([0..end(f).z1—1], .., [0..end(f).xr—1—
1], [0..beg(f).xx. —1]), and ([0..end(f).z1 —1],..,[0..end(f).zx—1 — 1], [beg(f).zx
..end(f).xr—1]), respectively.

Definition 3. For any two fragments f and f' from k sequences, where the kth
sequence is the cDNA sequence, the amount of overlap in the cDNA sequence is

overlap(f', f) = {Z?d(f )-xk—beg(f)-zr+1, th Zii(u Q:k <end(f').zr <end(f).zx

Accordingly, the cDNA chaining problem can be formulated as follows.

Definition 4. Given a set of m fragments, find a chain C of colinear fragments
fisfo, s ft (e, 1 € fo € .. K fi) such that score(C) = )::zl filength —
Z:;} overlapk(fi, fi+1) is mazimal.

This objective function penalizes the overlaps and maximizes the amount of
cDNA sequence mapped to the genomic sequence; which is the target of the
¢DNA mapping problem. It is easy to see that a perfect mapping has a score
that equals the ¢cDNA length. As we will show later in our geometry based
solution, this objective function has the advantage that for each fragment f
only two regions (AB(f) and C(f)) are considered, independently of k, when
constructing an optimal chain.

A straightforward solution to the cDNA chaining problem is to construct a
weighted directed acyclic graph G(V, E), where the set of vertices V is the set of
fragments (including 0 and t), and the set of edges E is characterized as follows.
For any two nodes v = f’ and v = f, there is an edge e(v) — v) € E with
weight of f.length — overlap(f’, f), only if f’ < f; see Figure 2 (b). An optimal
chain corresponds to a path with maximum score from vertex 0 to vertex t in
the graph. Because the graph is acyclic, such a path can be computed as follows.
Let f.score denote the maximum score of all chains ending with the fragment
f. Clearly, f.score can be computed by the recurrence

f.score = f.length + max{f.score — overlapx(f', f)|f < f} (1)

A dynamic programming algorithm based on this recurrence takes O(m?) time,
where m is the number of fragments. However, this quadratic running time is a
drawback for a large number of fragments. In the following section, we present
a geometry based solution that runs in subquadratic time.



